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Abstract 
A majority of aerospace structures are subjected to bending and stretching loads 
that introduce peel and shear stresses between the plies of a composite laminate. These two stress 
components cause a combination of mode I and II fracture modes in the matrix layer of the 
composite laminate. The most common failure mode in laminated composites is delamination 
that affects the structural integrity of composite structures. Damage tolerant designs of structures 
require two types of materials data: mixed-mode (I-II) delamination fracture toughness that 
predicts failure and delamination growth rate that predicts the life of the structural component. 
This research focuses on determining mixed-mode (I-II) fracture toughness under a combination 
of mode I and mode II stress states and then a fracture criterion for AS4/8552 composite 
laminate, which is widely used in general aviation. The AS4/8552 prepreg was supplied by 
Hexcel Corporation and autoclave fabricated into a 20-ply unidirectional laminate with an 
artificial delamination by a Fluorinated Ethylene Propylene (FEP) film at the mid-plane. 
Standard split beam specimens were prepared and tested in double cantilever beam (DCB) and 
end notched flexure modes to determine mode I (GIC) and II (GIIC) fracture toughnesses, 
respectively. The DCB specimens were also tested in a modified mixed-mode bending apparatus 
at GIIm/GT ratios of 0.18, 0.37, 0.57 and 0.78, where GT is total and GIIm is the mode II 
component of energy release rates. The measured fracture toughness, GC, was found to follow 
the locus a power law equation. 
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The equation was validated for the present and literature experimental data. 
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CHAPTER 1 
Introduction 
A majority of aerospace structures are subjected to bending and stretching loads 
that introduce peel and shear stresses between the plies of composite laminate. These two stress 
components cause a combination of mode I and mode II energy release rates. The most common 
failure mode in laminated composites is delamination, which affects the structural integrity of 
composite structures. Delaminations are caused by interlaminar stresses that act in the matrix 
(weaker part) layer of the composite laminate. Damage tolerant designs of structures require two 
types of materials data: mixed-mode (I-II) delamination fracture toughness predicts failure and 
delamination growth criteria to predict the life of a structural component. This research focuses 
determining mixed-mode (I-II) toughness under a combination of mode I and mode II stress state 
and a fracture criterion for AS4/8552 composite laminates that are widely used in general 
aviation. This chapter presents a background on polymer composite materials, their applications, 
advantages and limitations, and then a brief overview of the fracture test methods of composite 
laminates is described along with a review of mixed-mode fracture criterion. Challenges in the 
composite laminates, objectives of the research and the scope of the thesis are also presented in 
this chapter. 
1.1 Background of Fiber Reinforced Composites 
A composite material is made of two or more constituent materials with different 
properties when combined to produce a different material with characteristics different from that 
of constituent materials. A matrix material and reinforcement material are two such constituent 
materials. The reinforcement is the fiber that is stiffer and stronger than the matrix. Composites 
are classified based on the type of matrix and fiber reinforcement. Fiber reinforcement 
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composites are further classified as continuous-fiber and discontinuous-fiber composites as 
shown in figure 1.1. Discontinuous-fiber composites contain short fibers, fabric particles, 
nanotubes or whiskers. Whiskers are small both in diameter and length when compared to fibers. 
They are either oriented along one direction or in random directions. Continuous fiber 
composites provide a superior strength and stiffness. The fibers can be oriented parallel, 
perpendicular to each other or in multidirectional orientations. They are commercially available 
as unidirectional tapes, braids and woven cloths. 
 
Figure 1.1 Classification of composite materials [1]. 
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Based on the type of matrix used, composites are classified as polymer matrix 
composites, metal matrix composites, ceramic matrix composites and carbon–carbon composites. 
An overview of these types of composites is explained briefly in the next paragraph.  
Polymer matrix composites (PMCs) consist of a variety of short and long fibers 
bound together by an organic polymer matrix. Metal matrix composites (MMCs) consist of a 
metal matrix and continuous fibers. These composites include aluminum, magnesium, or 
titanium matrices, and the fibers are made of carbon and silicon carbide. The metal matrix is 
mainly reinforced to increase or decrease its properties depending on the design requirements. 
MMC’s have a high elastic modulus, high thermal and electrical properties along with better 
wear and fatigue and flaw resistance [2].  Ceramic matrix composites (CMCs) have a ceramic 
matrix such as alumina, calcium alumina silicate. The reinforcing fibers include carbon or silicon 
carbide. CMCs have high strength, hardness, high service temperatures, chemical inertness, and 
low density. Carbon–carbon composites use carbon fibers in a carbon matrix. These composites 
are usually used in very high-temperature applications. Carbon-carbon composites have the 
advantages of the ability to withstand high heating rates, low creep at high temperatures, low 
density, good tensile and compressive strengths, high fatigue resistance, high thermal 
conductivity, and a high coefficient of friction. 
1.2 Composite Laminates 
Composite laminate is an assembly of two or more layers of unidirectional or 
multidirectional plies oriented at various directions to provide required mechanical and thermal 
properties. The laminate can be made of different materials and can be of various thicknesses, 
but the thickness dimension is much smaller than the length and width dimensions [3]. The 
orientation of the ply is given by the angle measured between the references axis and major 
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principal directions of the ply as shown in figure 1.2. The angle is positive when measured in a 
counterclockwise direction on the x-y plane [1]. The laminates can also be defined based on the 
orientation of the fibers in the lamina namely unidirectional laminates, bidirectional laminates 
and multidirectional laminates. Alternatively, composite laminates may be made from woven 
and braided fiber fabrics.  
Some of the design issues with the composite laminates are interlaminar stresses, 
impact resistance, fracture resistance, fatigue resistance, and environmental effects. Additional 
factors that are involved in designing composite laminates are cost, mass, stiffness, and thermal 
and moisture expansion coefficients. Fabrication of laminates involves cutting prepreg, stacking, 
debulking and molding under recommended temperature and pressure. Laminated composites 
find their applications in aircraft, infrastructure and automotive industries. 
 
Figure 1.2 Multidirectional laminate with its reference coordinate system [1]. 
 
1.3 Advantages and Disadvantages of Composite Laminates 
 1.3.1 Advantages 
Composites have several advantages over metals, such as high strength, high 
stiffness and manufacturability into various shapes. Composites also have good corrosion 
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resistance, wear resistance, appearance, temperature-dependent behavior, environmental 
stability, thermal insulation and conductivity, and acoustic insulation. Additionally, composite 
materials are light weight and offer fewer parts, fewer assembly operations and they have long 
fatigue lives and high corrosion resistance. The behavior of the composite material can be 
controlled and predicted from the properties of the constituents. The composites laminates are 
superior in structural performance because of their high specific strength and specific stiffness. By 
appropriate combination of reinforcement and matrix materials, manufacturers have the ability to 
design and develop a material with specified properties for the applications. 
 1.3.2 Disadvantages  
A primary disadvantage of composite laminates is delamination that occurs in 
matrix layer of composite plies. It initiates at free edges and propagates into the laminate. At free 
edges, the  interlaminar normal and shear stresses are high due to a combination of ply 
orientation, Poisson effect and thermal/moisture mismatch. A major challenge is to characterize 
the interlaminar fracture properties of laminates under various stress-states. 
1.4 Interlaminar Fracture Toughness  
Most of high performance composites have superior in-plane stiffness and 
strength. However, they are poor in interlaminar strengths. Therefore, delamination separation of 
layers or plies is one of the most common failure mode in laminated composites. Transverse 
tensile and the interlaminar shear strengths are the two properties that characterize the resistance 
to delamination. An alternate method of measuring the resistance to delamination is based on a 
fracture mechanics approach and is expressed as the energy release rate associated with an onset 
and propagation of delamination. The interlaminar delamination propagation occurs in the 
opening, shearing, tearing, or combination modes. Thus, the delamination fracture toughness of a 
composite laminate has to be characterized by energy release rates in modes I, II and III by GIC, 
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GIIC and GIIIC, respectively, or a combination of them. Because mode III failure is less likely, the 
most of the effort was focused on mode I, II and I-II stress-states. Several test methods have been 
developed and used to measure the energy release rate or the facture toughness [4-7]. Literature 
on the various fracture tests of composite laminates is discussed in the next section. 
1.5 Literature on Fracture Test Methods for Delaminated Composite Laminates   
Numerous studies have been carried out to determine the fracture toughness of 
laminated composite materials. Many standardized and non-standard fracture test methods have 
been used in the measure mode-I, mode-II, and mixed-mode fracture toughness. Mode-I fracture 
occurs the most frequently; mode-II and mixed-mode fracture (the combination of both mode-I 
and mode-II), are also common. A brief review of literature on mode-I, mode-II and mixed-mode 
fracture testing is given in the following section.  
 1.5.1 Mode I 
The measurement of the mode I fracture toughness of laminated materials is 
accomplished by well-established test standards available in the open literature [7]. ASTM-5528 
provides the standard test method for characterizing the mode-I interlaminar fracture toughness 
of unidirectional fiber-reinforced polymer matrix composites by using a double cantilever beam 
(DCB) specimen. DCB specimens are fabricated as a unidirectional rectangular beam of uniform 
thickness. A mid-plane delamination initiator is introduced using a non-adhesive Teflon insert in 
the DCB specimen. Piano hinges bonded across the full width of the specimen serve as the 
means to introduce loading forces. Figure 1.6 shows the specimen configuration and loading. 
The GIc values were calculated using data reduction techniques such as modified beam theory 
(with corrections for load-blocks), experimental compliance calibration, and modified 
compliance calibration as described by ASTM D5528 [7]. The GIc values determined by these 
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three methods differed by no more than 3.1% and none of the methods were superior to the 
others. However, the modified beam theory (MBT) method is recommended as it yields the most 
repeated values of GIc for 80% of the specimens tested during ASTM round robin testing [7,8].  
2h
Piano Hinge
Length
a0
Delamination
P
P
 
Figure 1.3 Double cantilever beam specimen and loading.
 
 
Smiley and Pipes [9] tested AS4/350l-6 (carbon/epoxy) and APC-2 
(carbon/PEEK) DCB specimens with hinges. Various characteristics such as delamination 
growth behavior, fracture toughness, microscopic polymer behavior of composites were 
determined over a large range of test rates. GIc values decreased due to the decrease in the size of 
the composite plastic zone (rpc) with increase in the displacement rate. Similar works related to 
the effect of rate dependence on mode-I fracture behavior of AS4/3501-6 carbon/epoxy, 
T300/2500 carbon/epoxy, graphite/epoxy, IM6/PEEK graphite/PEEK were described in detail in 
[9-13].  
Morais et al. [14-15] and Choi et al. [16] assessed the applicability of the DCB 
test for multidirectional laminates. Multidirectional laminates frequently pose problems because 
of delamination branching or deviations of the delamination from the central plane. Both effects 
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invalidate the analysis according to the ASTM standard D5528. Various experimental studies of 
interlaminar and intralaminar fracture toughness in polymer matrix composites have been 
reviewed in [17].  
Shivakumar et al. [18] demonstrated that interleaving an AS4/3501-6 composite 
laminate with nylon 66 nanofibers increased the damping by l3%, reduced the impact damage 
size to one-third, increased mode-I fracture toughness and resistance by 150% and 30%, 
respectively, and showed a significant increase in delamination onset life and 67 % increase in 
fatigue threshold energy release rate. The reported GIc value for base AS4/3501-6 unidirectional 
laminate was 84 J/m2. More recent works of Ali et al. [19] with IM7-G/8552-1 and reactive 
polyethersulfone (r-PESU) nanofibers showed a 41% improvement in fracture resistance but at 
the cost of 13% reduction in compression strength. The reported GIc for base IM7-G/8552-1 
unidirectional laminate was 240 J/m2. 
 1.5.2 Mode II 
Russell and Street [4] proposed the end notch flexure (ENF) specimen for 
determining mode-II fracture toughness in composites. Subsequently, other test procedures such 
as the four-point end notch flexure (4ENF), Japanese Industrial Standards (JIS), the stabilized 
end notch flexure (SENF), the end load split (ELS), and the ASTM 2012-draft were explored. 
The end-notched flexure (ENF) test [20] has been widely used to measure the interlaminar 
fracture toughness under mode II. Early round robin testing on mode II ENF test had been 
conducted jointly by JIS, ASTM and European Structural Integration Society (ESIS) but has not 
resulted in international consensus [21].  In spite of lack of a standard to determine the mode-II 
strain energy release rate (GIIc), an increasing number of publications in the literature [4, 20-24] 
helped to overcome most of the issues related to testing such as the selection of a specimen type, 
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loading rig, film starter, and data analysis method etc. Based on a series of recent studies, the 
ASTM committee D30 on composite materials is reevaluating mode II test methodology, mean 
while 3-point loaded ENF testing is used to determine mode-II delamination toughness, GIIc, for 
laminated composites. The ENF has been found to offer a consistent and more stable 
delamination initiation compared to other test geometries [22-27] but the test yet yields unstable 
fracture. Nevertheless, stable delamination propagation is preferentially obtained using end-
loaded-split (ELS) specimens [28] for which no ASTM standards are yet available. The ENF 
specimen configuration and loading are shown in figure 1.4. 
B
S = 2L
a0
2h
P
Delamination
 
Figure 1.4 Three-point loaded end notched flexural specimen.
 
 
An alternative approach to conducting the ENF test was given in [29]. Here, the 
test is controlled by a clip gauge, which measures the delamination sliding displacement, CSD. 
By controlling the CSD, stable delamination growth is achieved and an R-curve can be obtained 
in one loading cycle.  
Saidpour et al. [30] studied the mode-II interlaminar fracture behavior of a series 
of unidirectional carbon/epoxy composites by using ENF specimens. Tests were carried out on 
an ACG40 series of carbon/epoxy prepregs. The matrix systems used were HTM40, XHTM45, 
  
11
MTM49-7, MTM49-3 and LTM45-1 and unidirectional reinforcements used were T800H, IM7 
and AS4 carbon fibers. The results showed that high temperature matrix systems (XHTM45) 
have the highest GIIc values of about 1192 J/m2. For medium temperature matrices (MTM), GIIc 
was found to increase by 14 - 27% after post curing.  
Bonhomme et al. [31] studied the mode I and mode II interlaminar fracture 
surfaces of a unidirectional AS4/8552 carbon/epoxy laminate by means of scanning electron 
microscope (SEM) and numerical analysis. SEM micrographs of fractured surfaces showed that 
the most predominant fractographic features in modes I and II were ‘river markings’ and ‘hackle 
markings’ respectively. Finite Element (FE) results showed that the principal tensile stress 
direction near the delamination tip was perpendicular to the ‘hackle’ or ‘stacked lamellae’ 
microstructure and at 450 to the fracture plane. The authors suggest that matrix micro 
delaminationing perpendicular to the principal stress direction is the driving mechanism forming 
the ‘hackle marking’ microstructure. The reported GIc and GIIc values for AS4/8552 laminate 
were 302 J/m2 and 1,018 J/m2, respectively. 
 1.5.3 Mixed-Mode (I-II) 
Delaminations may not always occur in pure mode loading but in a combination 
of modes. Therefore, a valid mixed-mode test method must be established. Most of the research 
has been focused on mode I and II. Different types of specimens such as the delaminationed lap 
shear [32], the edge delamination test (EDT) [33, 34], the Arcan [35], the asymmetric DCB [36], 
the mixed-mode flexure [4], have been devised to conduct mixed-mode fracture tests. Some of 
the above tests require a finite element analysis to calculate the mode-mixity ratio. Whereas the 
other test methods such as the asymmetric DCB require a complicated loading mechanism. 
Crews and Reeder [6] developed a mixed-mode bending (MMB) test apparatus, which has 
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distinct advantages over the above mentioned mixed-mode tests. Later, Reeder and Crews [37] 
again redesigned the MMB test fixture to simplify the original fixture. By varying the position of 
the applied load point, to change the mode-mixity ratio. Thus, virtually any combination of 
modes I and II can be obtained from one specimen type.  
Later Shivakumar et al. [5] developed a modified mixed-mode bending (mMMB) 
apparatus to measure delamination fracture toughness and fatigue delamination growth rates of 
laminated composites. The test apparatus is compact, lightweight, and has very few attachments. 
The use of needle bearings and a lightweight loading lever made the apparatus particularly 
suitable for fatigue tests. The authors selected the design parameters of the apparatus in such a 
way that the geometric nonlinear effects were minimized. The total weight of the aluminum lever 
and the saddle was about 4.5 N (1.02 lb). The lever was graduated to directly read the load 
position and to calculate the GI/GII ratio. For this apparatus, Shivakumar et al. derived simple 
closed form linear equations for calculating mode I and II energy release rates and these 
equations were found to be accurate.  Details of the equations are given in chapter 4. 
The mMMB test apparatus was used to measure the mixed-mode fracture 
toughness of unidirectional IM7/5260 graphite/Bismaleimide composites. The specimens were 
24-ply thick and had artificial delamination implanted between the 12th and 13th plies. The 
specimens were tested under displacement control. The delamination growth was stable for mode 
I loading and mixed-mode loadings of GI/GII = 4.55/1 and 1.16/1. Whereas, delamination growth 
was unstable for mode II loading and mixed-mode loading with GI/GII = 1/3.4. The authors also 
found that in all the stable delamination growth cases, the resistance curve was nearly constant 
with increase in delamination length. 
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Adeyemi et al. [38] investigated the effect of manufacturing processes (autoclave-
molding (ATM), compression molding (CM) and vacuum assisted compression molding (CMV)) 
on delamination fracture toughness and resistance (mode I, mode II and mixed-mode (I-II)) of 
T300/934 plain-weave carbon fabric/epoxy laminate. Mode I was conducted using the DCB test 
setup, mode II test was conducted using the ENF test setup and mixed-mode (I-II) was conducted 
at GI/GII ratios of 1/4, 1/1, 2/1 and 4/1 using the mMMB apparatus. The authors observed that the 
delamination growth was stable for GI/GII ≥ 1 and unstable for mode II and GI/GII ≤ 1/4.  
Adeyemi et al.  found that the fracture toughness of CMV was between those of ATM (closer 
ATM data) and CM manufactured composites. On the other hand, the fracture toughness of the 
CM composite was about 14 to 40% larger than that of ATM composites because of the larger 
resin thickness ahead of the delamination front. 
Recently, Bonhomme et al. [39] studied fracture behavior under mode I, mode II, 
and mixed-mode (I-II) for two different unidirectional AS4/8552 and AS4/3501-6 carbon/epoxy 
composite laminates. Both laminates were tested in mode I (as per ASTM 5528-01 standard), 
mode II (as per ENF ESIS protocol [40], and mixed-mode (as per ASTM D6671-06) with 
different mixity ratios. The authors also conducted Finite Element (FE) analysis to analyze 
modes I, II, and mixed-mode (I-II) tests and compared FE results with experimental results. The 
authors concluded that the modified epoxy 8552 (tougher resin) showed improved fracture 
toughness in modes I and mixed-mode (I-II), while in mode II, the unmodified 3501-6 resin 
showed improved fracture toughness. The authors also found that as the mode II contribution 
increases in the MMB test (i.e., the mode mixity increases) data scatter. A good agreement was 
found between experimental and numerical results (less than 10%). 
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More recently, Williams Jr. [41] developed a mixed-mode fracture criteria in the 
form of a simple quadratic equation for unidirectional IM7-G/8552 carbon/epoxy composite 
laminates by using the same mMMB test apparatus as proposed by Shivakumar et al. The present 
results are compared with his results reported, although the fibers are different.  
 1.5.4 Literature on Mixed-Mode Fracture Criteria 
A number of mixed-mode (I-II) fracture criteria for delamination fracture of 
composite laminates were suggested in the literature. In 1992, Reeder [42] made an excellent 
review of mixed-mode delamination fracture criteria (DFC) and consolidated all into four, 
namely, Power law, Exponential Hackle, Exponential K and linear interactions equations and 
then proposed his own bileanier criterion. The locus of bilinear fracture envelope is given by two 
equations. 
GI
m = ξGII
m +GIC   (1.1) 
GI
m =ζ GII
m −GIC( )
   
(1.2) 
Here GIC and GIIC are mode I and mode II fracture toughness and GICm and GIICm 
are mode I and mode II components of energy release rates, respectively, at fracture under 
mixed-mode stress-state.  Where as the factors ξ and ζ are slopes of the Eq. (1.1) and Eq. (1.2), 
respectively. This equation was shown to be valid for brittle to tough matrix composites. The 
inter-section of these two line segments appear to occur, as observed by Singh and Partridge [43] 
at about GI
m
GII
m
=4/3 or GII
m
GT
=3/7 (0.43). The term GT is sum of GIm and GIIm and at fracture GT = 
GC. 
 An alternate, simple, mixed-mode power law fracture criterion was suggested by 
Benzeggagh et al [44, 45] in the form similar to 
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ICIICICC GGGG β)( −+=  (1.3) 
Where ‘n’ is a constant that depends on material system and β
 
is the mode II component ratio at 
fracture and is given by 
                                                               
C
m
II
T
m
II
G
G
G
G
==β   (1.4) 
The factor β varies from 0 (pure mode I fracture) to 1 (pure mode II fracture), and a value is 
between 0 and 1 indicate the degree of mode II loading.  
Singh and Partridge [43], used the above Eq. (1.3) and showed that by conducting 
only three tests, namely, mode I and mode II and mixed-mode at GIm/ GIIm =4/3, mixed-mode 
fracture criterion can be established. They determined ‘n’ to be 1.557 for IM7/977-1 composite 
laminates. Later, Davidson and Zhao [46], used a similar approach and developed a “Limited 
Input Bilinear Criterion” (LIBC) from the three test results, namely, DCB, Single Leg Bending 
(SLB), and ENF. 
The present research is focused on determining the constants in Eq. (1.3) for 
AS4/8552 composite laminate by linear regression analysis using the average values of 
experimental data. Then validate the concept proposed by Singh and Patridge [43] that the 
material fractor ‘n’ can be predicted from the mixed-mode fracture data for β at about 0.4.  
1.6 Objectives of the Research 
The overall objective of this research is to understand and develop a mixed-mode 
fracture criterion for a unidirectional AS4/8552 carbon/epoxy composite laminate. 
The Specific objectives of the research are: 
(a) Generate a data base of pure mode I and II and mixed-mode fracture toughness for 
AS4/8552 carbon/epoxy composite laminates.  
  
16
(b) Then, show that the power law mixed-mode Eq. (1.3) is valid for AS4/8552 composite 
laminate.  
(c) Finally, demonstrate that only three fracture tests are required to determine mixed-mode (I-
II) fracture criterion for carbon/epoxy laminates.  
1.7 Scope of the Thesis 
The thesis consists of six chapters. Chapter 1 presents the background of the 
research, advantages and disadvantages of composite laminates, literature on interlaminar 
fracture testing methods (under mode I, mode II and mixed-mode (I-II) loadings). Research 
objectives and the scope of the thesis are also included in this chapter. Chapter 2 describes an 
approach to characterize mixed-mode fracture database and develop a mixed-mode (I-II) fracture 
criterion. Chapter 3 presents the material properties of AS4 and 8552 as constituents, specimen 
configuration and fabrication of the laminate and specimen preparation. Chapter 4 provide 
details of testing and test data analysis for mode II and mixed-mode (I-II) fracture tests. Chapter 
5 describes the results and discussion on fracture criterion for AS4/8552 composite laminate. 
Finally, chapter 6 presents the conclusions of the research and possible future work. The thesis 
includes one appendix, which presents the measurement of flexural modulus of AS4/8552 
composite specimens. 
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CHAPTER 2 
Approach to Develop Mixed-Mode (I-II) Fracture Criteria 
2.1 Introduction 
   The chapter presents an approach to generate mixed-mode fracture toughness data 
and a criterion for unidirectional AS4/8552 composite laminate. This approach is similar to that 
is reported in the literature but it is re-written for clarity. The approach requires measurement of 
pure mode I and II and mixed-mode (I-II) fracture toughness at different ratios of GIIm/GT. Then 
use this data to develop a mixed-mode (I-II) fracture equation. 
2.2 Approach 
  The mixed-mode fracture criterion was developed by measuring pure mode I and 
mode II fracture toughness, GIC and GIIC, respectively, and mixed-mode fracture toughness for 
different combinations of mode I and II loadings. The steps used are represented by a block 
diagram as shown in figure 2.1. Throughout the thesis mixed-mode means it is a combination of 
mode I and mode II loadings.  
Mode I-fracture
Test      GIC
Mode II-fracture
Test      GIIC
Mixed-Mode (I-II) fracture
Test      GC = f (GIm, GIIm)
Plot GC  vs β (GIIm / GT)Empirical equation-Fracture criterion
 
Figure 2.1    Methodology to develop mixed-mode fracture criteria. 
 
  Mode I (GIC) and mode II (GIIC) fracture toughness were generated using the 
Double Cantilever Beam (DCB), End Notched Flexure (ENF) test specimens. Geometric 
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configuration and loading of the two tests are shown in figure 2.2 (a) and (b). The mixed-mode 
test, was performed using a modified Mixed-Mode Bending (mMMB) apparatus [5, 6, 38] shown 
in figure 2.2 (c) using the DCB test specimen. The ratios of mode I (GIm) and mode II (GIIm) 
energy release rates were adjusting by varying loading (P) location (c).  
2h
Piano Hinge
Length
a0
Delamination
P
P
 
(a) Double cantilever beam test. 
 
 
 
 
B
S = 2L
a0
2h
P
Delamination
 
(b) End notched flexure test. 
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Pg
P = Pa+ Ps
cg
c
a0
S = 101.6 mm
L=S/2
 
(c) Modified mixed-mode beam test apparatus 
 
Figure 2.2 Three test apparatuses to measure: a) pure mode I, b) pure mode II and c) mixed-
mode I-II.
 
   In the above figures ‘a0’ is the intial delamination length, ‘B’ is specimen width, 
‘L’ is specimen half-span (S/2), ‘2h’ is the specimen thickness and ‘S’ is the span. In figure 2.2 
(c), the load Pg is the lever weight (3.36 N) acting at a distance ‘cg’ (34.3 mm) from the mid-span 
of the beam. The load P is the sum of the loading applied by a universal test frame (MTS) and 
saddle weight PS (1.2 N). The load P is located at a distance of c from the mid-span of the beam. 
The combination of mode I (GIm) and II (GIIm) energy release rates can be changed by moving 
the location (c) of loading (P). Once the tests are conducted, the initial delamination length was 
measured and corrected. The fracture toughness of various loadings were calculated as per the 
mixed-mode equations given by Shivakumar and Crew [5,6]. The calculated GC results were 
plotted against mode II component ratio β [45] as shown in figure 2.3. The value of β varies from 
0 (for pure mode I) to 1 (pure mode II). Any value 0 < β < 1 refers to mixed-mode stress-state 
with β representing the mode II fracture of total energy release rate. A smooth curve that passes 
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through the test data to provide a fracture equation, which is a function of mode I and II 
components of fracture toughness. 
0 0.2 0.4 0.6 0.8
DCB, mode I MMB, mode I and II ENF, mode II
GC
β
1.0
( ) nICIICICC GGGG β−+=
 
Figure 2.3 Typical mixed-mode (I-II) fracture criteria. 
2.3 Mode I Fracture Toughness 
   Mode I fracture toughness GIC was measured previously and is used in this study. 
Details of these results are in the Center for Composite Materials Research (CCMR) internal 
report. The mode I test was performed according to ASTM standard D5528 [7] and both GIC and 
resistance (GR) were measured. The table 2.1 lists the GIC of four specimens. The GIC varied 
from 250.8 J/m2 to 284.1 J/m2, with an average and standard deviation (STD) of 269.2 J/m2 and 
13.8 J/m2, respectively. The average and STD of GIC for IM7/8552 laminate with the same resin, 
composite laminate was 240 J/m2 and 18 J/m2, respectively [41]. The GIC test data of scatter for 
the two composites overlapped, even though the averages differed by 11%.  
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Table 2.1  
Mode I fracture toughness [47]. 
Type Specimen # 
2h         
mm 
B,                      
mm 
a0,                 
mm
            
GIC  
J/m2 
DCB 
2D9 3.658 25.425 37.64 269.5 
2D6 3.683 25.425 47.70 250.8 
2D7 3.708 25.485 47.85 272.5 
2D8 3.691 25.434 50.80 284.1 
  
AVG, J/m2 269.2 
STD, J/m2 13.8 
 
2.4 Summary 
   This chapter presented an approach to generate the fracture parameters that are 
needed to develop a mixed-mode (I-II) fracture criterion for any composite laminate. The mode-I 
fracture toughness GIC for AS4/8552 was taken from CCMR internal report, the average GIC is 
269.2 J/m2 with a standard deviation of 13.8 J/m2. 
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CHAPTER 3 
Material and Specimen Preparation 
3.1 Introduction 
This chapter presents the fabrication of the laminates and specimen preparation 
for mode II and mixed-mode I-II tests. The Hexcel Composites Hexply material was supplied by 
Gulfstream Aerospace R&D Center in Savanna, GA in the form of 1524 mm wide spools of 
unidirectional prepreg tape which were slit to reduce width, stacked, debulked and cured within 
an autoclave. Precautions were taken to ensure the ply orientation and stacking sequence of the 
laminate. The molded laminates were visually inspected and checked for thickness variations 
before sectioning into specimens to the required width using a surface grinder equipped with a 
diamond edge saw. The laminates were then dried in a convection oven at 600C.  
3.2 Material and Specification  
The aerospace grade Hexcel Composites Hexply AS4/8552 prepreg was chosen 
with a fiber area weight of 190 g/m2 and a resin content of 35% supplied in rolls of prepreg tape 
of epoxy matrix (8552) reinforced with unidirectional carbon fibers (AS4). The slit down rolls 
measured 406.4 mm (16 in) width, which were stored in a freezer at -230 C (-100 F) overnight in 
a sealed plastic bag before cutting them into 305 X 508 mm (12 X 20 inch) sized plies, which 
were unidirectionally oriented. The laminate and matrix properties are shown in tables 3.1 and 
3.2, respectively.  
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Table 3.1 
Matrix physical properties of 8552 [48]. 
Physical Properties 8552 
Fiber Density, N/mm3 1.8E-05 
Resin Density, N/mm3 1.3E-05 
Cured Ply Thickness, mm 0.13 
Nominal Fiber Volume, %  57.42 
Laminate Density, N/mm3 1.6E-05 
 
Table 3.2 
Laminate mechanical properties of AS4/8552 carbon/epoxy composite [48].  
Mechanical Properties AS4/8552 
00 Tensile Strength, GPa 2.21 
00 Tensile Modulus, GPa 141.35 
00 Compression Strength, GPa 1.53 
00 Compression Modulus, GPa 128.25 
00 Flexural Strength, GPa 1.89 
00 Flexural Modulus, GPa 126.87 
00 Short beam shear, GPa 0.13 
 
3.3 Fabrication of Laminate  
Fabrication of the unidirectional AS4/8552 carbon/epoxy composite laminate consists of prepreg 
cutting, stacking, debulking and molding. Details of these processes are explained in the 
following sections.  
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 3.3.1. Prepreg Cutting 
The sealed bag containing the 406.4 mm (16 in) wide prepreg roll was removed 
the freezer within the polymer composites processing lab preparation area to thaw to room 
temperature before opening to prevent moisture in the air from condensing on the cold prepreg 
surface and contaminating it. The prepreg was spread on the cutting table with perpendicular 
straight edges fixed on the edges of the table. A metal template of 305 X 508 mm (12 X 20 inch) 
was used to align the end cuts of the prepreg sheets. Twenty sheets of prepreg were cut for each 
laminate preform. A 76.2 mm (3 in) Fluorinated Ethylene Propylene (FEP) film of 12.5µm 
thicknesses was cut and used as delamination inserts in the laminate. 
 3.3.2. Stacking and Debulking 
Pairs of prepreg sheets were stacked together after cutting. Plies ten and eleven 
were held separately for the insertion of the FEP films. A reusable vacuum bag was used to 
debulk the pairs of plies, which is shown in figure 3.1. The stacked plies were pressed against a 
reference straight edge inside the bag so that fiber alignment of the plies was maintained during 
the debulking step. After sealing the bag, full vacuum was applied until the vacuum stabilized 
(~100 kPa) for a minimum of two minutes. The pairs of debulked plies were removed from the 
bag, then all ten pairs were stacked together to form a twenty ply preform with the 12.5 µm FEP 
inserts between the 10th and 11th ply. The silicone coated backing paper sheets were left on the 
bottom surface of ply # 1 and top surface of ply # 20 to protect the outer preform surfaces against 
contamination and to aid handling before the final debulking. The debulked preform was now 
ready for the mold lay-up. After the debulking steps, the preform lay-up was complete. The 
molding process consisted of mold surface preparation, bagging and autoclave curing. 
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Figure 3.1 Debulking of the preform. 
 
 3.3.3. Molding  
 3.3.3.1. Preparation of Mold 
The mold consisted of a lower caul plate with 6.35 mm X 432 mm X 876 mm 
(0.25 in X 17 in X 34.5 in) dimensions for molding the laminate. The mold was cleaned with 
isopropyl alcohol (IPA). Two coats of Frekote 700-NC release agent were applied to the lower 
caul plate and allowed to flash off between applications. Double-sided tape was applied to the 
mold around the perimeter of the 305 X 508 mm metal template. A 25 µm thick FEP release film 
was applied to the double-sided tape and excess film outside of the double-sided tape’s outer 
perimeter was trimmed away. A reference straight edge, on which a release agent was previously 
applied, was covered with flash breaker tape and then coated with release agent. A layer of 
double-sided tape was applied to the top and bottom of the reference straight edge and aligned to 
the edge of the bottom release film, which was previously applied to the lower caul plate. 
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  3.3.3.2. Bagging  
Before placing the preform on the lower caul plate’s release film, the film was 
wiped with Isopropyl Alcohol (IPA) to remove any surface contamination. The bottom backing 
sheet (ply one) was removed before pressing the preform firmly against the mold’s reference 
straight edge. Silicon rubber dams were covered on the top and bottom surfaces with double-
sided tape and pressed firmly along the remaining three sides of the preform. The top backing 
sheet (ply twenty) was removed before pressing breather strings made of style 7781 fiberglass 
weft yarn ninety degrees across the preform at the two ends and the middle of the laminate. Two 
of the breather yarns are shown in figure 3.2. The 25 µm thick FEP release film was used to 
cover the preform. A double-sided tape was attached to cover the film, the rubber dams, and the 
reference edge on all four edges. 
 
Figure 3.2 Prepreg layup with breather yarns.  
 
Release agent was applied to all six sides of the upper caul plate in the same 
fashion as with the lower caul plate. The long edge of the upper caul plate was aligned with the 
reference straight edge and carefully lowered onto the upper release film to prevent puncturing of 
the FEP release film.  
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Strips of flash tape were used to cover the gaps between the edges of the upper 
caul plate, the dams, and reference straight edge as an extra precautionary measure in case a 
puncture was created during the pressurization of the cure process, see figure 3.3. An extra layer 
of release film was applied over upper caul plate, dams and reference edge and tacked into 
position with flash breaker tape to prevent any escaping resin from leaking out while curing. The 
extended breather strings were taped to the top of the film in order to make contact with the 
breather, which would be placed on them later.  
 
 Figure 3.3 Caul plate mounting and covering with FEP release film. 
 
Over the lower caul plate’s vacuum port, a silicon rubber dam with a hole in the 
center was installed with a double sided tape. The vacuum port was covered with a nonwoven 
polyester felt breather pad that was wrapped within a porous Polytetrafluoroethylene (PTFE) 
coated glass release cloth and tacked into position with flash breaker tape. Butyl mastic sealant 
tape was applied around the perimeter of the lower caul plate to create the vacuum seal for the 
vacuum bag film. One large sheet of 68 g/m2 (2oz/yd2) nonwoven polyester breather felt was cut, 
folded into four layers and applied over the upper caul plate, breather strings, and its release film 
cover. Flash breaker tape was used to secure the edges of the felt breather and prevent any loose 
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fibers from penetrating into the mastic sealant tape. The silicone coated backing paper on the 
sealant tape was removed and a 76.2µm elastic polyester vacuum bag film was gently tacked to 
the top of the exposed sealant and excess film outside of the seal was trimmed away. After the 
bag was sealed, it was tested for vacuum leaks by drawing full vacuum of 100 kPa then isolating 
the bag from the vacuum pump with a 2-way valve while monitoring the pressure with an inline 
vacuum gage. To pass the leak test, the vacuum leak rate should not exceed 3.4kPa/min. The 
figure 3.4 shows the vacuum test before placing the mold into the autoclave. 
 
Figure 3.4 Vacuum leak test before the autoclave cure process. 
  3.3.3.3. Autoclave Process 
After the vacuum test was completed, the mold was inserted into the autoclave 
chamber, which is shown in figure 3.5 and the autoclave’s vacuum line was attached to the 
mold’s vacuum port fitting.  
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Figure 3.5 Mold inside the autoclave. 
 
The autoclave’s vacuum pump was started and the vacuum bag was retested for 
leaks. For this test, the autoclave’s 3-way vacuum-vent valve was closed to isolate the evacuated 
bag from the vacuum pump. Once the leak test was passed, the autoclave door was closed, bolted 
in sequence with a torque of 325 N-m (240 ft-lb). Cooling water and nitrogen purge gas valves 
were opened, the chamber fan and vacuum pump started and the appropriate cure cycle program 
was initiated. The cure program was stepped through its initial steps, nitrogen pressure was 
applied to the chamber of autoclave and the temperature was increased. Resin viscosity within 
the preform decreases as the cure cycle temperature began to ramp up at 1.7 0C/min (3 0F/min) to 
the first hold of 42 minutes at 107 0C (225 0F) while maintaining the vacuum inside the bag at 
about -98.2 kPa with a positive chamber pressure of 103 kPa. The epoxy resin cross-linking 
reaction begins as the temperature is increased. After the first hold, the pressure was increased to 
689 kPa and maintained constant throughout the cure. The interior of the bag was vented to 
atmosphere followed by a temperature ramp to 1770C (3500F) at 1.7 0C/min. Once the 
Autoclave 
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temperature reached 177 0C (350 0F), it was held constant for 120 mins. Then the mold was 
cooled down at 1.1 0C/min (2 0F/min) to about 38 0C (100 0F). Temperature, pressure and 
vacuum profiles in the autoclave molding process are shown in figure 3.6. The cured panel was 
removed from the autoclave. 
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Figure 3.6 Time, temperature and pressure cycle for autoclave cure process. 
 
  The Final photograph of the laminate is shown in figure 3.7. Once the panel was 
removed from the mold, the edges were filed using a flat file, then visually inspected for external 
defects. 
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Figure 3.7 Photograph of cured laminate.  
 
3.4. Specimen Preparation  
 Two laminates, each measuring 305 X 508 mm (12 X 20 inches), were molded 
and were identified as Panel 1 and Panel 5. Panel 5 was used for mixed-mode (I-II) fracture 
testing, and a portion of Panel 1 was used for mode II testing. The fiber volume fraction (Vf) of 
the panels was calculated from Eq. (3.1).  
      (3.1) 
Where Af is the fiber areal weight (g/m2), N is the number of plies, ρf is the density 
of the fiber (g/cc) and 2h is the laminate thickness (mm). Based on this equation, Vf for panels 1 
and 5 was found to be 0.57 and 0.58, respectively. Plan and sectional views of Panels 1 and 5 are 
shown in figure 3.8, and figure 3.9, respectively. The specimen (ID) numbering scheme is 
represented by the first digit for panel number, followed by a letter for the type of test (D for 
DCB, E for ENF, and M for mixed-mode I-II) and the last two digits are for specimen number. 
( )h
NA
V
f
f
f 2103ρ
=
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*Specimen ID 
1E01
Panel 
No. Test Type Specimen No.
Ply: 1—10 [0O]
Ply: 11—20 [0O]
(a) Plan View
(b) Sectional  View
FEP
0.5-mil
Film Insert
Reference Edge
1E10                   1D10
1E08                  1D08
1E01                   1D01
1E07                  1D07
1E02                   1D02
1E03                   1D03
1E06                   1D06
1E04                   1D04
1E05                   1D05
1E09                   1D09
Specimen 
Mark
Trim 
Symmetry
Fiber Axis
Width
10
20
3.0
12
 
Figure 3.8 Panel # 1 and specimen layout for mode II tests.  
*Specimen ID 
5M01
Panel No. Test TypeSpecimen No.
Ply: 1—10 [0O]
Ply: 11—20 [0O]
(a) Plan View
(b) Sectional  View
FEP
0.5-mil
Film Insert
Reference Edge
Specimen 
Mark
Trim 
Symmetry
Fiber Axis
10
20
3.0
12
5M10         5M20
5M08        5M18
5M01         5M11
5M07         5M17
5M02         5M12
5M03         5M13
5M06         5M16
5M04         5M14
5M05         5M15
5M09         5M19
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Figure 3.9 Panel # 5 and specimen layout for mixed-mode I-II tests.  
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 Each of the panels was sectioned on a surface grinder (see figure 3.10) equipped 
with a diamond edged saw and water lubricant to ensure dimensional accuracy and prevent edge 
delamination of the specimen. 
 
Figure 3.10 Cutting machine for cutting specimens from laminate.  
 
The molded panel reference edge was used to align for parallel cutting against the 
fence on the saw fixture. Each panel was cut into twenty specimens each of 25.4mm (1 in) width. 
A total of forty specimens were made from the two panels out of which twenty specimens were 
used for mixed-mode testing (5M01 to 5M20) and five specimens were used for mode II (1E1 to 
1E5). The nominal size of the specimens was 25.4 X 254 mm (1 X 10 in). Once the specimens 
were sectioned from each of the panels, their dimensions were recorded and listed in table 3.3. 
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Table 3.3 
Specimen number and geometry. 
Test Specimen       # 
B,           
mm 
Average 
2h, mm 
Delamination length 
Length,                     
mm a0, mm ai, mm 
Mode-II                                    
(ENF) 
1E1 25.45 3.78 25.4 25.98 152.81 
1E2 25.45 3.69 25.4 26.04 152.86 
1E3 25.48 3.76 25.4 26.21 152.86 
1E4 25.48 3.75 25.4 26.67 152.81 
1E5 25.48 3.72 25.4 25.81 152.68 
Mode I-II                           
GIIm/GT = 0.2 
5M1 25.54 3.67 25.4 26.20 152.79 
5M16 25.54 3.74 25.4 24.04 152.80 
5M18 25.56 3.73 25.4 24.26 152.84 
5M19 25.54 3.72 25.4 25.14 152.70 
5M20 25.54 3.72 25.4 25.69 152.84 
GIIm/GT = 0.4 
5M6 25.54 3.77 25.4 23.81 152.86 
5M7 25.53 3.74 25.4 23.85 152.86 
5M8 25.54 3.71 25.4 25.31 152.81 
5M9 25.51 3.66 25.4 24.07 152.81 
5M10 25.54 3.62 25.4 25.10 152.68 
GIIm/GT = 0.6 
5M2 25.56 3.73 25.4 24.64 152.80 
5M3 25.56 3.73 25.4 24.87 152.84 
5M4 25.56 3.76 25.4 25.59 152.70 
5M5 25.52 3.76 25.4 23.90 152.88 
5M17 25.54 3.73 25.4 25.09 152.86 
GIIm/GT = 0.8 
5M11 25.56 3.67 25.4 24.94 152.81 
5M12 25.51 3.70 25.4 25.95 152.86 
5M13 25.55 3.73 25.4 25.83 152.78 
5M14 25.56 3.73 25.4 23.75 152.79 
5M15 25.54 3.74 25.4 25.04 152.80 
 
The specimens edges were deburred with a SiC grinding stone to remove the 
sharp fiber burrs caused by the sawing. Afterwards, the test specimens were rinsed in distilled 
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water and dried in a forced air convection oven at 600 C for a minimum of 12 hours. After 
drying, the specimens were stored in a desiccator cabinet until ready for testing. 
3.5 Summary  
The AS4/8552 prepreg was cut from a roll, stacked, debulked and cured in an 
autoclave. Two panels were made, Panel # 1 for mode II (1E01 – 1E05) testing and the Panel # 5 
for mixed-mode (I-II) testing (1M01 – 1M20). The panels were visually inspected for defects, 
specimens were cut to required dimension and deburred on their edges. The specimens of 25.4 
mm (1 in) wide, 152.4 mm (6 in) long and about 3.8 mm (0.15 in) thick were made. The 
estimated fiber volume fraction, from the areal weight of the fabric, and composite density of 
Panels # 1 and # 5 were 0.57 and 0.58, respectively.  
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CHAPTER 4 
Mode II and Mixed-Mode (I-II) Fracture Tests 
4.1 Introduction 
This chapter focuses on the testing and data reduction of the mode II and mixed-
mode (I-II) tests. Mode II tests were conducted using an end notched flexural (ENF) test 
specimen, and the mixed-mode fracture tests were conducted using a DCB specimen and the 
modified mixed-mode bending (mMMB) apparatus. Four ratios of mixed-mode fractures were 
considered with an estimated values of GIIm/GT were 0.2, 0.4, 0.6 and 0.8. The test procedure and 
data reduction are explained in detail including the calculation of fracture toughness values. 
4.2 Mode II Fracture Test  
The mode II stress state is caused by a sliding motion between the delaminated 
surfaces. The delaminated mode II fracture toughness was measured by a split beam 
configuration under three-point bend loading. As explained in chapter 3, five test samples were 
prepared and tested according to the ENF test procedure [1, 4]. 
 4.2.1 Specimen Geometry 
The specimen geometry and loading for mode II test are shown in figure 4.1. The 
delamination length (initial) is a0, the span is S, half-span is L, thickness is 2h and the width is B. 
The nominal value of a0 is 25.4mm, S is 101.6 mm, L is 50.8 mm, 2h is 3.7 mm and B is 25.4 
mm. The actual geometric values of all five specimens are measured individually and are listed 
in table 3.3. Specimens were extracted from a unidirectional AS4/8552 panel (see figure 3.8.) 
with a mid-plane delamination.  
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2h = 3.7 mm
L1 = 152.4 mm
S = 101.6 mm
P
a0
Specimen width (B) = 25.4mm
 
 
Figure 4.1 Specimen geometry and loading for mode II test.  
 
The initial delamination length (a0) of 25.4 mm was measured from the 
delamination crack tip and marked for all the specimens before each test. Both edges of the 
specimen was observed under an optical microscope and the delamination tip (end of the Teflon 
film) was marked by a carbide-tipped scriber. The procedure was repeated for all the specimens.  
 4.2.2. Mode-II Test Procedure and Data Reduction 
The mode II test was performed using the ENF test specimen with a three point 
bending load. The picture of the test set-up is shown in the figure 4.2. The specimen is mounted 
on the fixture with the base line on one of the supporting points. The fixture was adjusted so that 
the supporting points and loading point touched the specimen along its width in order to avoid 
uneven loading. This positioning was done with the precision steel scale on the fixture. The 
initial delamination was measured to be 25.4 mm. The test was conducted at a constant cross 
head speed of 0.5 mm/min. The load was incremented in displacement control until the 
maximum delamination was reached. The failure was unstable when the maximum load was 
reached.   
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(a) Test setup                                                        (b) Close up view 
Figure 4.2 Test set up in a MTS test machine and a close up view of the test specimen.  
 
 
Since the propagation of delamination was unstable, the measurement of the 
delamination propagation was not possible.  
The energy release rate was calculated using the Eq. (4.1)                                                                                       
      
      (4. 1) 
 
Where PC is the critical load, a0 is the initial delamination length, C is the 
specimen compliance, B is width and L is half-span of the specimen. The critical load was 
chosen by plotting the load-displacement response (see figure 4.3) and applying the ASTM E 
399 test procedure. A line was drawn from a point where the  original load-displacement line 
intersects with x-axis, with a slope of 95% of the initial slope of original load-displacement line. 
If the 95% line intersects the load-displacement line before the peak, then the intersection point 
is called P5. If the 95% line intersects after the peak load, then the maximum load is the critical 
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load i.e. Pc = Pmax which is shown in the figure 4.3. For Mode II tests conducted, all specimens 
failed in brittle mode as in figure 4.4, Hence Pc = Pmax, which was computation of energy release 
rate 
Maximum Load
PC = P5
Unstable Fracture 
Propagation 
PC = Pmax
Unstable Fracture 
Propagation 
Lo
ad
 
P
(N
)
Load Line Displacement, u (mm)
95% Line
95% Line
 
Figure 4.3 Determination of critical load, PC. [49]. 
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1000
1200
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Figure 4.4 Load and displacement of mode-II tests.  
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The slope (K) of the load and displacement for all the specimen was determined 
and then the compliance (C) of the specimen was calculated. Note that load - displacement of all 
specimen were linear up to failure and then specimens failed suddenly immediately after the 
maximum load. The maximum load was taken as the critical load, PC. 
After the test, the specimen was broken open, the actual initial delamination 
length ai was measured by taking the average of delamination lengths at two edges (aiL, and aiR) 
and at mid width (aiC), as shown in figure 4.5. The average delamination length ai listed in table 
4.1 for all five specimens. 
Propagation 
surface of 
fracture
Base line
aiC
aiL
aiR
3
iRiCiL
i
aaa
a
++
=
PTFE B
 
Figure 4.5 Measurement of average delamination length after test [49].  
 
The critical load PC, delamination length ai, width B, and the compliance C are 
listed in tale 4.1 along with the GIIC calculated from Eq. (4.1). In the GIIC calculation, values of ai 
were used instead of a0. The average GIIC is 1,146 J/m2, and the STD is 33 J/m2. 
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Table 4.1 
 Mode II fracture test results. 
Sample                                          
# 
a0               
mm 
B
mm 
Pc             
N 
ai             
mm 
K
          
N/mm 
C=1/K
    
mm/N 
GIIc             
J/m2 
1 E1 25.4 25.45 1,125 25.98 429.1 2.3E-03 1,118.4 
1 E2 25.4 25.45 1,136 26.04 440.1 2.3E-03 1,116.4 
1 E3 25.4 25.48 1,186 26.21 450.7 2.2E-03 1,197.8 
1 E4 25.4 25.48 1,175 26.67 470.1 2.1E-03 1,155.9 
1 E5 25.4 25.48 1,188 25.81 463.4 2.2E-03 1,141.5 
  
Average 1,146.0 
STD 33 
 
4.3 Mixed-Mode (I-II) Fracture Test  
  The mixed-mode fracture test was conducted using the mMMB apparatus and a 
hinged delaminated specimen similar to a DCB specimen. Details of the calculation of GIm, GIIm 
and GC are given in [5] and some parts are reproduced here.  
 4.3.1 Test Specimen  
The specimens for the mixed-mode test were same on the DCB obtained from a 
unidirectional AS4/8552 composite delaminate panel (#5). The delamination was made by 
implanting a PTFE film of 12.7µm thickness at the mid-plane of the specimen.  Each specimen is 
tabbed on top and bottom surface using aluminum hinges and epoxy glue. The specimen 
configuration with tabbed hinges and loading are shown in figure 4.6. All the specimens were 
dried in an air circulating convection oven at 60 degrees centigrade overnight for 24 hours. Then, 
the specimens were kept in a dessicator until testing. The dimensions of the specimens are 
summarized in table (3.1), which includes the beam length, thickness (2h), width (B), and the 
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initial and final measured delamination length (a0). Five specimens were tested for each of the 
GIIm/GT ratios.  
 
Figure 4.6 Specimen configurations for the mixed-mode test. 
 
  
 4.3.2 Test Apparatus and Analysis. 
To conduct the mixed-mode fracture test, the modified mixed-mode bending 
(mMMB) apparatus [5] was used. The schematic of the apparatus is shown in figure 2.2(c) and 
two photographic views are shown in figure 4.7. The GIIm/GT ratio changes from pure mode I to 
Mode II depending upon the location (c) of the applied load (P) from the mid span of the beam 
(see figure 2.2(c)).  
Test machine
Lever with scale 
Magnifier
Clamp
Loading yoke
Base
Specimen
Steel pin
Saddle
Roller bearing
 
(a) View 1    (b) View 2 
 Figure 4.7 Modified mixed-mode (I-II) test apparatus.  
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The details of the analysis and calculation of mode I (GIm) and mode II (GIIm) 
energy release rates are presented in [5, 6, 37] and are summarized here. The left-half of figure 
4.8 shows the free body diagrams of the lever and the beam whereas the right-half shows the 
force resolution on the beam into mode I (PI) and II (PII) components. Here, Pg is the lever 
weight, P (total applied load, which is sum of applied load Pa and saddle weight Ps). These 
forces translate to loading P1 through P4 on the beam due to equilibrium. These loads further 
translate to PI and PII to produce mode I and mode II loadings. These loads were derived [5] and 
are given by Eq. (4.2) and Eq. (4.3), respectively.   
PI
P2
2L
P3
P4
Beam 2h
PII/4
PII/4 PII/2
L c
cg
P
Lever
Pg
PII
PI
P1
 
(a) Free body diagram                         (b) Mode I and II loads 
Figure 4.8 Resolution of applied loading into mode I and mode II components. 
 
The value of   Pg = 3.36 N (0.754 lb), Ps = 1.2 N (0.27 lb) and cg = 34.3 mm (1.35 
in), half-span length, L = 50.8mm (2 in). A scale is mounted on lever that helps in measuring 
load location, c. Depending on the value of c, the ratio of GIIm/GT varies. The components of 
mode I and II loading are given by  
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  (4.2) 
 
  (4.3) 
 The expression for mode I and II energy release rate GIm and GIIm are given by the 
Eq. (4.4), and Eq. (4.6), respectively. These equations include the effect of the shear deformation 
and the effect of a beam on an elastic foundation (Eq. (4.5)). Note that these equations are 
different from the mode I DCB and the mode II ENF equations, because they were derived from 
independent beam equations and agree with ASTM D - 552 and Eq. (4.1), respectively.   
  (4.4)    
where elastic foundation constant (λ) is given by Eq. (4.5) 
  (4.5) 
        
  (4.6) 
 These fracture equations require the flexural modulus (EXX) of the beam and the EZZ 
and GXZ values of the material. The values of EZZ and GXZ were taken from the product data sheet 
[48] by supplier, and are EZZ = 164 GPa and GXZ = 0.106 GPa. The moment of inertia, I, is given by 
  
  (4.7) 
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The flexural modulus EXX was measured for all specimens and used in the 
computation of energy release rates. The details are given in the appendix. The total energy release 
rate, GT is the sum of GIm and GIIm. 
  (4.8) 
 4.3.3 Testing and Test Data 
 Before conducting the test, an estimated GIIm/GT values were selected as 0.2, 0.4, 
0.6 and 0.8, and calculated values of ‘c’. Assuming that the lever is weightless and ignoring all 
secondary terms in Eqs. 4.4 and 4.6, values of ‘c’ (Note that the length ‘c’ is lower case) were 
calculated for all values of GIIm/GT chosen from the Eq. (4.9).  
  (4.9) 
 
  (4.10) 
 
Calculated values of ‘c’ are listed in table 4.2. The delamination tip was located 
on the specimen as explained in section 4.2 and the mMMB test was performed. The specimen 
span (S) was 101.6 mm (4 in) and the initial delamination length was 25.4 mm (1 in). The saddle 
was moved to the precalculated value of ‘c’. The displacement controlled load was applied at a 
constant cross head speed of 0.5 mm/min till the specimen fractured.  
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Table 4.2 
Estimated values of c for different GIIm/GT ratios. 
GIIm/GT GIm/GIIm 
c,                
mm 
0.2 4.00 109.5 
0.4 1.50 53.9 
0.6 0.67 37.7 
0.8 0.25 28.3 
 
The load and displacement was recorded continuously for every half-second by an 
automated data acquisition system, first failure was noticed by a sudden drop in the load and the 
delamination crack growth was monitored on the computer screen using a camera. A switch was 
used to mark the load values for every increment of 2.54 mm delamination growth until the 
delamination extension reached 15.24 mm. Figure 4.9 shows the monitoring system for the 
delamination onset and growth; and delamination growth images (edge view of the specimen). 
At high values of GIIm/GT, the fracture was sudden and no delamination growth occurred before 
final failure.  
Propagation of crack
 
(a) Monitoring of delamination. 
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Crack tip
25.4 50.8 76.2 12.7 15.2
 
(b) Propagation of delamination from delamination tip point 2.5mm until the 
delamination  grows up to 15.2 mm. 
Figure 4.9 Delamination propagation during test where values of loads are recorded. 
 
  The load and displacement plot of all five specimens at all GIIm/GT ratios are 
shown in figures 4.10 - 4.13. Figure 4.14 shows a combined plot of one specimen each for all 
four values of GIIm/GT ratios. The maximum load is highest for GIIm/GT = 0.8 and lowest for 
GIIm/GT = 0.2, as expected. The maximum (critical) load for all tested specimen are listed in table 
4.3. 
Displacement, mm
GIIm/GT = 0.2
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Figure 4.10 Load and displacement response for GIIm/GT =0.2 mixed-mode (I-II) test. 
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Figure 4.11 Load and displacement response for GIIm/GT =0.4 mixed-mode (I-II) test. 
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Figure 4.12 Load and displacement response for GIIm/GT =0.6 mixed-mode (I-II) test. 
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Figure 4.13 Load and displacement response for GIIm/GT =0.8 mixed-mode (I-II) test. 
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Figure 4.14 Load and displacement response curve for various GIIm/GT values. 
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Once the test was completed, an undelaminated end of the specimen of length 
76.2 mm (3 in) was cut used for measurement of flexural modulus. (The details are given in the 
appendix). The remaining length of the specimen was split opened, and the delamination length 
was accurately measured, as explained in section 4.2.2. The average measured delamination 
length is represented as ai and is listed in table 4.3 and used in calculation of the energy release 
rates. The calculated mode I (GIm), mode II (GIIm), and the total critical (GC) energy release rates, 
are listed in table 4.4 for all specimens. In addition, the recalculated GIIm/GT ratios are also listed 
in table 4.4. Note in table 4.4, measured EXX for each specimen was used in calculation of energy 
release rates. 
One test for each cases GIIm/GT = 0.2 and 0.4 failed by a metal-metal contact of 
lever and support points, thus leading to inaccurate PC. Where as in the case of GIIm/GT = 0.8, 
one specimen (5M12) failed by metal-metal contact of the fixture whereas the specimen (5M13) 
failed by premature tab debonding. 
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Table 4.3 
Critical load (PC) and estimated and measured delamination length (ai). 
 
       
Estimated 
GIIm/GT   
Specimen     
# 
Estimated 
Delamination  
Length a0, 
mm 
c, load 
position              
mm 
Critical 
Load 
PC, N 
Delamination  
Length ai, 
mm 
0.2 
5M1 25.4 
 
109.5 
 
86.8 26.20 
5M16 25.4 --- 24.04 
5M18 25.4 77.5 24.26 
5M19 25.4 82.9 25.14 
5M20 25.4 74.5 25.69 
0.4 
5M6 25.4 
 
53.9 
 
--- 23.81 
5M7 25.4 217.1 23.85 
5M8 25.4 200.0 25.31 
5M9 25.4 193.6 24.07 
5M10 25.4 189.7 25.10 
0.6 
5M2 25.4 
 
37.7 
 
349.5 24.64 
5M3 25.4 366.0 24.87 
5M4 25.4 328.5 25.59 
5M5 25.4 366.5 23.90 
5M17 25.4 348.0 25.09 
0.8 
5M11 25.4 
 
28.3 
 
552.4 24.94 
5M12 25.4 --- 25.95 
5M13 25.4 --- 25.83 
5M14 25.4 583.0 23.75 
5M15 25.4 544.9 25.04 
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Table 4.4 
 Mixed-mode (I-II) fracture toughness of AS4/8552 composite laminate.  
       
Estimated 
GIIm/GT   
Specimen     
# 
2h              
mm 
B            
mm 
Intial 
Delamination 
Length ai, mm 
PC                  
N 
Exx +             
GPa 
ERR, J/m2 
Actual  
GIIm/GT             
Remarks 
GIm    GIIm GC 
0.2 
5M1 3.67 25.54 26.20 86.8 103.0 269.1 61.0 330.1 0.185 
5M16 3.74 25.54 24.04 --- 110.9 --- --- --- --- Test Failure* 
5M18 3.73 25.56 24.26 77.5 109.2 213.4 46.3 259.8 0.178 
5M19 3.72 25.54 25.14 82.9 107.4 267.6 58.3 326.0 0.179 
5M20 3.72 25.54 25.69 74.5 111.1 218.3 47.8 266.1 0.180   
AVG (STD) J/m2               295.5 (37.7)     
0.4 
5M6 3.77 25.54 23.81 --- 105.5 --- --- --- --- Test Failure* 
5M7 3.74 25.53 23.85 217.1 106.7 258.0 148.1 406.1 0.365 
5M8 3.71 25.54 25.31 200.0 108.0 247.5 143.3 390.8 0.367 
5M9 3.66 25.51 24.07 193.6 108.0 220.8 127.3 348.1 0.366 
5M10 3.62 25.54 25.10 189.7 106.9 236.7 137.3 374.0 0.367   
AVG (STD) J/m2               379.8 (24.8)     
0.6 
5M2 3.73 25.56 24.64 349.5 105.1 225.9 295.0 520.9 0.566 
  
5M3 3.73 25.56 24.87 366.0 108.9 242.9 317.9 560.8 0.567 
5M4 3.76 25.56 25.59 328.5 109.4 201.8 264.8 466.6 0.567 
5M5 3.76 25.52 23.90 366.5 108.9 223.0 290.1 513.1 0.565 
5M17 3.73 25.54 25.09 348.0 107.6 226.3 296.4 522.8 0.567 
AVG (STD) J/m2               516.9 (33.6)     
0.8 
5M11 3.67 25.56 24.94 552.4 107.1 173.1 616.3 789.5 0.781   
5M12 3.70 25.51 25.95 --- 106.9 --- --- --- ---  Test Failure* 
5M13 3.73 25.55 25.83 --- 107.2 --- --- --- ---  Tab debonded 
5M14 3.73 25.56 23.75 583.0 109.5 164.9 582.7 750.2 0.779 
5M15 3.74 25.54 25.04 544.9 112.0 154.9 549.9 707.0 0.780   
AVG (STD) J/m2               748.9 (41.2)     
(+ Taken from Appendix)
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4.4 Summary 
Mode II and mixed-mode I-II (for GIIm/GT ratios of 0.18, 0.37, 0.57 and 0.78) 
fracture toughnesses were measured. In mode II fracture tests, all the specimens failed in the 
brittle manner and none of the specimen showed a stable delamination growth. In, mixed-mode 
fracture tests the critical load increased with increase in GIIm/GT ratio, the delamination growth 
was stable for GIIm/GT < 0.6 and unstable for GIIm/GT = 0.8. 
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CHAPTER 5 
Results and Discussions  
5.1 Introduction 
This chapter presents the results of mode II and mixed-mode (I-II) fracture tests, 
development of mixed-mode fracture equation and comparison with literature. The mixed-mode 
fracture toughness of AS4/8552 laminates are compared also with IM7-G/8552 laminates, both 
have the same matrix but different carbon fiber.  
5.2 Mode I Fracture Test Results 
   The mode I fracture toughness of AS4/8552 laminate was taken from the CCMR 
internal report [47]. These results are summarized in table 2.1. The average GIC was 269.2 J/m2 with 
a STD of 13.8 J/m2. The average GIC reported by Bonhomme et al. [31] was 302 J/m2 in 2009 
[31] and 268 J/m2  in 2013 [39] the scatter in the experimental data overlaps each other. The data 
in 2013 [39] agree very well with the present data.  
5.3 Mode II Fracture Test Results 
The mode II fracture toughness of all five specimens, calculated using the critical 
load PC, compliance and the specimen geometric paramaters, are listed in table 4.1. The GIIC 
varied from 1,116 to 1,198 J/m2 with an average value of 1,146 J/m2 and a STD of 33 J/m2. The 
coefficient of variation was less than 3%. The average GIIC reported by Bonhomme et al. was 
1,072 J/m2 [31] and  738 J/m2 [39]. Results of Bonhomme et al. in 2009 [31] agrees very well 
with the present data but not with the results reported in 2013 [39]. The reason why Bonhomme 
et al. 2013 [39] is (32% less) lower compared to 2009 [31] data was not explained. 
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5.4 Mixed-Mode (I-II) Fracture Test Results 
Mixed-mode fracture toughness (GC) for five GIIm/GT ratios, namely, 0.18 0.37, 
0.57 and 0.78 are listed in table 4.4. The table 4.4 lists also the components of GIm and GIIm at 
fracture. The average value and STD of the fracture toughness for GIIm/GT ranging from 0.0 to 
1.0 are listed in table 5.1. The coefficient of variation of data was less than 7% for all cases 
except for GIIm/GT = 0.18 which, is 13%. The table 5.1 lists also the results of Bonhomme et al. 
[31,39] for mode I, II and mixed-mode GIIm/GT = 0.3. The coefficient of variation of the results 
ranged from 10% to 20%. Bonhomme et al.’s mixed-mode data falls in between values of 0.18 
and 0.37 of the present results. But the data scatter is large (CV = 20%). The minimum data 
scatter in the present results indicate the high quality of specimen preparation and testing. 
 
Table 5.1 
Average value of mixed-mode fracture toughness of present and Literature. 
Actual  
GIIm/GT 
GC, J/m2                         
Present Bonhomme et al Year 
Average STD CV (%) Average STD CV (%)   
0 269 13.8 5 302 29.2 10 (2009) 
0 --- --- --- 268 28.1 10 (2013) 
0.18 295 37.7 13 --- --- --- --- 
0.30 --- --- --- 294 60.1 20 (2013) 
0.37 380 24.8 7 --- --- --- --- 
0.57 517 33.6 7 --- --- --- --- 
0.78 748 41.2 6 --- --- --- --- 
1.00 1146 33.3 3 1,072 157.7 15 (2009) 
1.00 --- --- --- 738 103.8 14 (2013) 
 
Mixed-mode toughness (GC) including pure mode I (GIC) and mode II (GIIC) are 
plotted against GIIm/GT, mode II factor, in figure 5.1. 
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Figure 5.1 Mixed-mode (I-II) fracture criteria for AS4/8552 composite laminates. 
 
The open symbols represent the test data and the solid symbols represent the 
average values. The data appears to follow a power law suggested by [45] in the form. 
                                   
n
ICIICICC GGGG β)( −+=  (5.1) 
where β represents a mode II factor given by 
                                             





=
T
m
T
G
G
β
                                                              (5.2) 
 (1-β) represent the mode I factor. The ‘n’ represents the material constant. The 
total energy release rate GT is sum of GIm and  GIIm and at fracture GT = GC. The locus of the Eq. 
5.1. forms the fracture criterion. By least square regression analysis the value of ‘n’ was found to 
be 2.06. The percent error between the equation and the average experimental data is listed in 
table 5.2 and it is less than 6.3%. The error was calculated from the equation. 
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Table 5.2 
Comparison of equation 5.1 with experiment for AS4/8552 laminate. 
 
GC, J/m2 Error, % 
β n = 2.08 n = 2.06 Expt n = 2.08 n = 2.06 
0.00 269.2 269.2 269.2 0.0 0.0 
0.18 294.0 294.8 295.5 -0.5 -0.2 
0.37 380.1 382.3 379.8 0.1 0.7 
0.57 541.5 544.6 516.8 4.8 5.4 
0.78 792.1 794.8 747.3 6.0 6.3 
1.00 1146.0 1146.0 1146.0 0.0 0.0 
 
The figures 5.1 and 5.2 show the comparison of equation with present and 
Bonhomme et al.’s experimental data. As expected the agreement with the equation and the 
present experimental data is accurate and is reasonable with Bonhomme et al. Notice that the 
power law fracture equation Eq. (5.1) is pinned between GIC and GIIC and the shape of the curve 
depends on the exponent ‘n’. In theory, the ‘n’ could be found by only one mixed fracture test 
data. 
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Figure 5.2 Mixed-mode (I-II) fracture criteria for AS4/8552 composite laminates. 
 
5.5 Mixed-Mode (I-II) Fracture Criterion based on Three Tests 
Notice that the power law fracture equation Eq.5.1 is pinned between GIC and GIIC 
limits and the shape of the curve depends on the exponent ‘n’. In theory, ‘n’ could be found by 
only one mixed fracture test data. Extending this argument and taking into account that Reeder’s 
bilinear fracture criterion intersected at GIIm/GT of about 0.4 [43] one could use the mixed-mode 
fracture data at about GIIm/GT ≈  0.4 to determine ‘n’. This approach is experimented in the 
present case. The mixed-mode fracture toughness at GIIm/GT = 0.37, is GC = 379.8 J/m2, which 
was used to calculate ‘n’ from the equation. 
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The value of ‘n’ was found to be 2.08 which is nearly same as the value n = 2.06, 
that was obtained from the least square regression analysis. The table 5.2 lists also the difference 
between the experimental and Eq. 5.1 for n = 2.08, the maximum difference is 6%. The figure 
5.3 shows a good comparison of Eq. 5.1 for n = 2.08 and the experiment. Therefore, the results 
of n = 2.08 agreed with experimental data same as well as the equation fit by least square 
regression anlysis.  
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Figure 5.3 Comparison of experimental and Eq. 5.1 of AS4/8552. 
 
There results demonstrate the potential of using only three test data, namely, GIC, 
GIIC and GC at GIIm/GT about 0.4 to establish the Eq. 5.1 or the locus of mixed-mode fracture 
envelope. Davidson and Zhao came to similar conclusion but proposed a two curves that covers 
the bilinear equations Reeder [42].  
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The above three-test fracture concept was verified for two material data in the 
literature [5, 41]. Mixed-mode fracture test data for IM7/5260 Graphite/Bismaleimide [5] data at 
β = 0.42 resulted in n = 2.60. 
Figure 5.4 shows the comparison of Eq. (5.1) for n=2.60 with the experimental 
data. The equation fits the data very well with a correlation coefficient (R) of 0.99.  
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Figure 5.4 Locus of fracture criterion for graphite/bismaleimide composite. 
 
The value of ‘n’ was determined at β = 0.37 for IM7/8552 laminate mixed-mode 
fracture data [41] and found to be n = 0.91, almost linear equation. Comparison of Eq. 5.1 with 
‘n’ = 0.91 is shown with the experimental data [41] in figure 5.5. The correlation coefficient was 
0.97. 
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Figure 5.5 Locus of fracture criterion for Williams [41] data. 
 
The predicted data is larger than the experiment for most of the mixed-mode 
fracture tests except at β = 0.37, where the ‘n’ was determined.  
The above results demonstrate that the locus of mixed-mode fracture can be 
determined from three of test data; mode I GIC, mode II GIIC and a (mixed-mode) fracture 
toughness GC at GIIm/GT at about 0.4 with a reasonable accuracy.  
 
5.6 Summary 
Mixed-mode fracture data determined for AS4/8552 carbon/epoxy composite 
laminate was found to follow the power law equation proposed by Benzeggagh et al. [45], 
Benzeggagh and Kenane [44]. The equation is given by  
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 GC = GIC + (GIIC −GIC )β n                                          
Where β = GIIm/GT is the mode II factor and the exponent ‘n’ is the material 
constant. The value of ‘n’ was 2.06 based on the least square error regression analysis. The 
equation agreed with the experiment within 6.3% for all values of β ranging from 0 to 1.0. 
Alternatively, demonstrated that a mixed-mode power law fracture criterion can be developed 
from only three fracture tests, namely, mode I, II and mixed-mode (I-II) at about β = 0.4, as 
suggested by Singh and Partridge. This value of ‘n’ calculated was 2.08 for the present data and 
the resulting prediction agreed  with experiment better than for ‘n’ = 2.06, which was determined 
by least square regression analysis of the test data. This three test method approach was validated 
for two other carbon/epoxy laminates data in the literature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
63
CHAPTER 6 
Concluding Remarks and Future Work 
6.1 Concluding Remarks 
Majority of the aerospace structures are subjected to bending and stretching loads 
that introduces peel and shear stress between the composite layers. The most common failure 
mode in laminated composite is the delamination, which affects the structural integrity of 
composites structures. Delaminations are caused by interlaminar stresses that act in the matrix 
(weaker part) layer of the composite laminate. Damage tolerance design of structures requires 
two types of materials data: mixed-mode delamination fracture criterion to predict failure and 
delamination growth rate to predict the life of a structural component.  The objective of the 
research was to understand and develop the mixed-mode fracture database for unidirectional 
AS4/8552 carbon/epoxy composite laminate and then develop a mixed-mode fracture criterion. 
Using an autoclave process unidirectional fiber AS4/8552 carbon/epoxy composite laminates 
with a mid-plane delamination were fabricated. Then split beam specimens are prepared and 
tested in mode I, II and mixed-mode fracture loadings.  The mode I fracture data was taken from 
the previous study and mode II fracture test was conducted in the present study using end 
notched flexure test. The measured average GIIC and STD were 1,146 J/m2 and 33 J/m2, 
respectively. Four cases of mixed-mode loadings were selected based on the initial estimated 
values of GIIm/GC = 0.2, 0.4, 0.6 and 0.8 that translated to GIIm/GC values of 0.18, 0.37, 0.57, and 
0.78, respectively.  Five specimen were tested in each case. The average mixed-mode fracture 
toughness (GC) for GIIm/GC = 0.18, 0.37, 0.57, and 0.78 were 295.5 J/m2, 379.8 J/m2, 516.9 J/m2, 
and 747.3 J/m2, respectively. The corresponding STD’s were 37.7 J/m2, 24.8 J/m2, 33.6 J/m2, and 
42.4 J/m2, respectively. The data scatter is minimal, the percent coefficient of variation was less 
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than 7% for all cases, except for GIIm/GC = 0.18 (13%) compared to the data generally reported in 
the literature. The average measured GIC and GIIC and GIIm/GT data was found to follow the 
power law equation. 
GC =GIC + GIIC −GIC( )β n  
Where β = GIIm/GT is the mode II factor and the exponent ‘n’ is the material 
constant. The value of ‘n’ was found to be 2.06 based on the least square error regression 
analysis. This equation agreed with the experiment within 6.3% for all values of β ranging from 
0 to 1.0. Alternatively, showed that the above mixed-mode fracture equation can be determined 
from only three fracture test data, namely, mode I, II and mixed-mode (I-II) at about β = 
0.4.  This values of β as deduced by Singh and Partridge based the intersection of the Reeder’s 
bilinear mixed-mode fracture model. Based on this, the value of ‘n’ was found to be 2.08, which 
is within 1% of n (2.06) that was determined by the regression analysis of all the 
data.  Furthermore, the predicted values of GC were less than 6% of the experiment. This three-
test data approach was validated for two other carbon/epoxy laminates data in the literature. 
  
6.2 Future Work 
 The following suggestions for future work are made: 
• Study the morphology of fracture surfaces of the present test specimens. 
• Apply the three-test data method to determine the mixed-mode power-law fracture 
equation for the vast data in the literature. 
• Extend the mixed-mode fracture tests to polymer nanofiber interleaved composites.      
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    Appendix 
Determination of Flexural Modulus of Mixed-Mode Fracture Test Specimens  
 The flexural test was conducted to measure the flexural modulus (EXX) of the 
mixed-mode test specimen that is needed to calculate GIm and GIIm using the Eq. (4.4) and Eq. 
(4.6).The flexural modulus (EXX) of the specimen was calculated from the equation                                                       
  
( ) 






= 3
3
24 hB
SKE SPxx  (A.1) 
 Where ‘S’ is span, ‘2h’ is the thickness and ‘B’ is the width of the specimen. The 
specimen flexural stiffness is KSP was determined from the system stiffness (KS) and the machine 
stiffness (KM). The system stiffness, KS, was obtained from the slope of load and displacement 
response of the three-point bend test specimen. Because, the displacement was measured by the 
test machine, the specimen stiffness needs to be corrected. The test machine stiffness KM was 
determined separately for MTS 810 at CCMR, NCA&TSU and was found to be 41,457 N/mm 
[50]. The specimen stiffness was calculated based two spring in series (specimen and machine), 
which is given by:  
      (A.2)                                                                                                               
The following sections provide the details of testing and calculation of flexure modulus of the 
specimen. 
SM
SM
SP KK
KKK
−
=
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A.1 Test Specimen Preparation  
The specimen extracted from cutting the mixed-mode beam (MMB) tested 
specimen, which is shown in figure A.1. The crossed section of the MMB specimen which is 
about 76.2 mm long, 25.4 mm wide and 3.75 mm thick, was machined and testing three-point 
flexure. The beam span ‘S’, [51] is about 60.96 mm. The beam was tested, first, with top face top 
and then top face bottom, see figure A.2, which means the specimen was loaded on the top face 
and then loaded on bottom face. Twenty specimens were extracted from the four test conditions 
(GIIm/GT) with five specimens each.  
152.4mm
101.6mm
76.2mm
3.74mm
Specimen for flexural test
 
Figure A.1. Flexural specimen extraction from ENF test specimen. 
S = 60.96 mm
76.2 mm
2h 
P
T
B
S = 60.96 mm
76.2 mm
2h 
P
B
T
 
Figure A.2. Flexural test specimen configuration  Loading on top, Loading on bottom face. 
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A.2 Test Results 
All tests were conducted as per ASTM D7264/D7264M standard [51]. The 
specimen was tested in displacement control at a constant displacement rate of 0.5 mm/min. The 
load and machine displacement were recorded and the stiffness KS was calculated from the linear 
portion of the load displacement. Figure A.3 shows a typical load-displacement response and the 
slope KS of the specimen. Values of KS for all specimens tested are listed in table A.1. In some 
cases (5M11 and 5M6) the specimen could not be extracted because the delamination exertion 
was large and specimen of length 76.2 mm could not be obtained. In such cases, specimen was 
broken into two parts and each half of the part was tested separately. In these cases, thickness is 
‘h’ instead of 2h. Using Eq. (A.2), KSP was calculated and then using Eq. (A.1), EXX was 
calculated. The table A.1 lists EXX for all the test samples. The specimen stiffness KSP for top and 
bottom loading, and the average EXX for each of the mixed-mode bending specimen was 
calculated and listed in table A.1. The average EXX was 108.1 GPa with a percent coefficient 
variation (CV) less than of 2%. The present EXX is less than the Hexcel Corp reported value of 
127 GPa that was normalized for Vf = 0.6. 
The low CV of the measured EXX data indicate that if the fabrication of laminate is 
performed as per the material supplier then the properties are consistent and repeatable. Thus, 
one can use the average EXX as a single value to calculate all G values instead of using EXX for 
individual specimen. 
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Figure A.3. Typical Load and machine Displacement response.
  
 
Table A.1 
Flexural modulus of (AS4/8552) mixed-mode test specimens. 
GIIm/GT 
Specimen           
# 
Top                                 
Bottom 
2h                        
mm 
B       
mm 
KS                 
N/mm 
KSP                   
N/mm 
Exx 
GPa
                   
Average 
Exx GPa Remarks 
0.2 
5M1 Top 3.700 25.544 2,227 2,354 103.1 103.0   Bottom 3.700 25.544 2,224 2,350 102.9   
5M16+ 
Top 1.985 25.493 483 488 114.3 114.7 Span = 57.15, 
thickness= h. 
Bottom 1.985 25.493 486 492 115.1 
Top 1.863 25.472 373 377 106.9 107.2 Bottom 1.863 25.472 375 379 107.5 
5M18 Top 3.734 25.561 2,415 2,564 109.2 109.2   Bottom 3.734 25.561 2,413 2,562 109.1   
5M19 Top 3.717 25.544 2,347 2,488 107.5 107.4   Bottom 3.717 25.544 2,342 2,482 107.3   
5M20 Top 3.717 25.544 2,286 2,570 111.1 111.1 Bottom 3.717 25.544 2,289 2,574 111.2   
0.4 
5M6* Top 3.768 25.527 2,394 2,540 105.5 105.5   
Bottom 3.768 25.527 2,396 2,543 105.6   
5M7 Top 3.742 25.535 2,377 2,521 106.8 106.7   
Bottom 3.742 25.535 2,372 2,516 106.6   
5M8 Top 3.708 25.544 2,349 2,490 108.3 108.1   
Bottom 3.708 25.544 2,338 2,478 107.8   
5M9 Top 3.658 25.510 2,249 2,378 108.0 108.0   
Bottom 3.658 25.510 2,251 2,381 108.1   
5M10 Top 3.624 25.544 2,174 2,294 107.0 106.9 
Bottom 3.624 25.544 2,170 2,290 106.8   
  
 
(continued) 
GIIm/GCT 
Specimen           
# 
Top                                 
Bottom 
2h      
mm 
B                   
mm 
KS                
N/mm 
KSP                  
N/mm 
Exx            
GPa
                    
Average 
Exx               
GPa 
Remarks 
0.6 
5M2 Top 3.734 25.561 2,329 2,467 105.1 105.1   Bottom 3.734 25.561 2,328 2,466 105.1   
5M3 Top 3.734 25.561 2,410 2,559 109.0 108.8   Bottom 3.734 25.561 2,403 2,551 108.7   
5M4 Top 3.759 25.561 2,467 2,623 109.5 109.4   Bottom 3.759 25.561 2,462 2,617 109.2   
5M5 Top 3.759 25.519 2,452 2,606 109.0 108.9   Bottom 3.759 25.519 2,451 2,605 108.9   
5M17 Top 3.742 25.535 2,391 2,538 107.5 107.6 
 Bottom 3.742 25.535 2,397 2,544 107.8   
0.8 
5M11+ 
Top 1.837 25.552 354 357 105.1 105.1 Span=57.15, 
thickness= h. 
Bottom 1.837 25.552 353 356 105.0 
Top 1.905 25.552 410 414 109.4 109.2 Bottom 1.905 25.552 408 413 109.1 
5M12 Top 3.700 25.510 2,300 2,436 106.8 106.9   Bottom 3.700 25.510 2,302 2,437 106.9   
5M13 Top 3.725 25.552 2,358 2,500 107.3 107.2   Bottom 3.725 25.552 2,357 2,499 107.2   
5M14 Top 3.734 25.561 2,417 2,567 109.3 109.5   Bottom 3.734 25.561 2,422 2,573 109.6   
5M15 Top 3.742 25.544 2,489 2,648 112.1 112.0 
 Bottom 3.742 25.544 2,483 2,641 111.8   
  
AVG 108.1 
 
STD 2.0 
CV 1.9% 
 
